Abstract: Femtosecond mode locking of a Tm-doped Lu 2 O 3 ceramic laser is reported. Transform-limited pulses as short as 180 fs are generated at 2076 nm with an average output power of 400 mW and a pulse repetition frequency of 121.2 MHz. An output power up to 750 mW can be reached at the somewhat longer pulse duration of 382 fs. Femtosecond pulse generation is realized in the 2030-2100 nm spectral range. Passive mode locking was achieved using an ion-implanted InGaAsSb quantum-wellbased SESAM. Schunemann, "Octave-spanning ultrafast OPO with 2.6-6.1 µm instantaneous bandwidth pumped by femtosecond Tm-fiber laser," Opt. Express 20(7), 7046-7053 (2012). 9. K. Scholle, E. Heumann, and G. Huber, "Single mode Tm and Tm,Ho:LuAG lasers for LIDAR applications,"
. Operation at these extended wavelengths from Tm-doped sesquioxides makes them attractive for a range of applications in molecular spectroscopy, as pump sources for optical parametric oscillators based on ZnGeP 2 [7] or GaAs [8] and for incorporation into LIDAR systems [9] . Moreover, it is also advantageous for stable passive mode locking because the presence of strong water vapor absorption bands in the ~1800-2000 nm region can prevent broadband mode locking and give rise to Q-switching instabilities.
The work on the development of ultrashort-pulse lasers that operate in the 2-µm spectral region is rather limited and based predominantly, to date, on fiber laser technology. Although Tm-doped or Tm-Ho co-doped fibre lasers operating around 2 µm exhibit excellent power scalability and efficiency in the cw regime, their performance characteristics during mode locking are rather restricted [10] [11] [12] . In this respect, Tm-doped sesquioxides represent excellent alternatives in the development of high-efficiency and high-power ultrashort-pulse oscillators operating in the 2-µm region. This is of particular interest for further developments of mid-IR ultrafast broadband laser systems for molecular fingerprinting [13] , trace gas detection [14] , high-harmonic and X-ray generation [15] and attosecond science [16] .
In our recently reported work [17], we have demonstrated passive mode locking of a Tm:Sc 2 O 3 laser around 2.1 µm using InGaAsSb-based semiconductor saturable absorber mirror (SESAM) where pulses as short as 218 fs were produced with an average power of 210 mW. This was followed up by the passive mode locking of a Tm:Lu 2 O 3 crystalline laser using a carbon nanotube saturable absorber from which 175-fs pulses were produced with an average power of 36 mW [18] .
Interestingly, the attractive characteristics of rare-earth ion doped crystalline sesquioxides gain media have also led them to being studied extensively as ceramics. Currently, high optical quality sesquioxide ceramics can be produced by nanocrystalline and vacuumsintering technologies. Such ceramic gain media possess stronger fracture toughness than single crystals and afford a high potential for size scalability thereby offering practical advantages in high-power laser implementations. Previously, a range of diode-pumped cw and ultrashort-pulse Here we present, for the first time to our knowledge, research results on a passively modelocked Tm:Lu 2 O 3 ceramic laser. Transform-limited pulses of 180 fs duration were produced at 2070 nm with an average power up to 400 mW. The maximum output power of 750 mW was obtained during mode locking when the corresponding pulse duration was 382 fs. Tunability in the range of 2030-2100 nm was achieved for this Tm:Lu 2 O 3 mode-locked laser .
Experimental results and discussion

Tm:Lu 2 O 3 laser experimental setup and its cw performance
The experimental assessments were carried out with a Ti:sapphire pump laser that produced up to 2.6 W of output power at 796 nm. The gain medium was a 5-mm-long, Brewster-cut, 2 at % Tm-doped Lu 2 O 3 ceramic rod. Its optical and spectroscopic properties have been previously reported [25, 26] . An asymmetric, astigmatically-compensated Z-fold resonator, described elsewhere [27, 28], was configured with two high-reflectivity (R > 99.8% from 1900 to 2100 nm) folding (full angle of 14°) mirrors having radii of curvature of 100 mm, an output coupler (OC) with 1.2%, 2.3%, or 4.3% transmission at around 2070 nm and a SESAM structure. The resonator was designed to operate in the middle of stability zone II to ensure a second mode waist on the saturable absorber. The SESAM used for initiating and stabilizing the passive mode locking is based on an ion-implanted InGaAsSb quantum-well structure having an initial reflectivity of 99.5-98.1% in the 2-2.1 µm range. To support a long-term stable laser operation both the gain element and the SESAM were mounted onto copper heat sinks that were maintained at 20°C using thermoelectric coolers. A p-polarized pump beam was focused into the gain medium via an 80-mm focal length lens and the folding mirror (T > 99% at 976 nm) to a spot radius of 26 µm (1/e 2 intensity) measured in air at the location of the input facet of the crystal. The laser beam mode radii inside the gain medium were calculated to be 32 × 61 µm 2 . During cw operation (a high-reflectivity plane mirror was used instead of SESAM and without the prism pair) the Tm:Lu 2 O 3 ceramic laser produced a maximum output power of 930 mW at 2067 nm when the 4.3% OC was used and this corresponded to a slope efficiency of 54% (with respect to the absorbed pump power). With output couplings of 2.3% and 1.2% the average output powers reached 920 mW (52% slope efficiency) and 760 mW (43% slope efficiency), respectively, for the laser wavelengths around 2068 nm. The gain element absorbs about 70% of pump radiation during laser operation.
A pair of infrared-grade fused silica prisms with tip-to-tip separation of 12 cm was used to control the intracavity net group velocity dispersion (GVD). Each prism was placed at a minimum deviation to minimize the insertion losses. In particular, with the prism pair, the laser produced 900 mW, 820 mW and 640 mW with output couplings of 4.3%, 2.3% and 1.2%, respectively.
Mode locking results and analysis
Stable and self-starting passive mode locking of the Tm:Lu 2 O 3 laser was realized when the intracavity beam mode size on the SESAM was set appropriately to overcome Q-switching instabilities on the one hand and to avoid multiple pulsing under maximum pump power conditions on the other. Figure 1 depicts the input-output characteristics of the Tm:Lu 2 O 3 laser for three different output couplings with the SESAM in place. The maximum output power during mode locking of 750 mW was realized with the 4.3% OC and the laser operated with a slope efficiency of 46%. The cavity mode radii on the SESAM were set to be 135 µm, 158 µm and 175 µm for the 4.3%, 2.3% and 1.2% OCs respectively. Under these conditions, the thresholds for mode locking were similar for different output couplers, typically in the range of 100-107 µJ/cm 2 for the intracavity fluence on the SESAM, and single pulse stable operation was observed when the pump power was increased up to its maximum available level.
The temporal and spectral characteristics of the mode-locked Tm:Lu 2 O 3 laser are as summarized in Fig. 2 . The pulse duration was measured using intensity autocorrelator based on two-photon absorption effect in a Si-based detector, optical spectra were detected with a laser spectrometer having a resolution of 0.3 nm around 2-µm region (APE WaveScan) and the pulse repetition frequency was characterised by a fast (>7 GHz cut-off frequency) InGaAs photodetector in combination with a radio frequency spectrum analyzer (Rohde&Schwarz, FSP40). The shortest pulse duration of 180 fs was obtained with the 1.2% OC at a maximum average output power of 400 mW. The corresponding optical spectrum was centered at 2076 nm having a spectral width of 25.7 nm such that a time-bandwidth product of 0.32 was implied. When the output coupling was increased, longer pulse durations were observed. In Fig. 2 . Intensity autocorrelations, optical and radio frequency spectra (from left to right) of the mode-locked Tm:Lu2O3 laser with the 4.3% (top row), 2.3% (middle row) and 1.2% (bottom row) OCs. particular, nearly transform-limited pulses of 213 fs and 382 fs duration were measured with the 2.3% and 4.3% OCs, respectively, for which optical spectra centered at 2072 nm and 2068 nm had the corresponding bandwidths of 22 nm and 11.7 nm. The average output powers reached of 608 mW (2.3% OC) and 750 mW (4.3% OC) that corresponds to generated pulse energies of 4.9 nJ and 5.9 nJ, respectively. The pulse repetition frequencies varied slightly in the range of 121.2-127.3 MHz as a result of different cavity lengths applying for specific output couplings that facilitated a required spot size on the SESAM.
A soliton mode locking regime was observed for all of the output coupling levels used and this is consistent with the dependence of the pulse duration on intracavity pulse energy (output power) and the net GVD. As a representative example, Fig. 3(a) depicts the variation of the pulse duration on the intracavity round-trip GVD which was increased from its initial value D 0 by insertion of a fused silica prism (−116 fs 2 /mm at 2070 nm) at a fixed intracavity pulse energy of 214 nJ (2.3% OC, 608 mW average output power). From the linear fit to the experimental data the self-phase modulation coefficient δ could be deduced to be 4.6 × 10 −7 W −1 using the well-known relationship between soliton pulse duration, pulse energy and GVD [29] . Complementarily, using the extracted value for δ and making the fit to the experimental data of the pulse duration versus the intracavity pulse energy at a fixed GVD (Fig. 3(b) ) the value for D 0 was found to be −2980 fs 2 . This is the total round-trip cavity GVD which, in this experimental setup, originates from the insertion of the prisms (glass material dispersion, -1392 fs 2 ), the gain medium itself (-151 fs 2 ) and the angular dispersion of the prism pair (-1437 fs 2 ). Additionally, data deduced for the δ coefficient can provide an estimate for the nonlinear refractive index, n 2 , of the gain medium according to the expression of δ = (2π/λ)·(2L/A eff )·n 2 , where L is the length of the gain medium and A eff if the effective mode area in the gain medium. The tunability of the Tm:Lu 2 O 3 ceramic laser during ultrashort pulse generation was measured with the 1.2% OC and using a single intracavity prism as a dispersive element. Stable and self-starting mode locking was realized in the 2030-2100 nm spectral range (Fig.  4) where the pulse durations varied from 370 fs at 2100 nm to 282 fs at 2030 nm with the maximum average output power of 450 mW achieved at around 2040 nm. 
Conclusion
In conclusion, efficient mode locking of a Tm:Lu 2 O 3 ceramic laser in the femtosecond regime has been demonstrated for the first time to the authors' knowledge. Nearly transform-limited pulses as short as 180 fs were produced at 2076 nm with an average output power of 400 mW at a pulse repetition frequency of 121.2 MHz. When the average output power reached a maximum value of 750 mW during mode locking a pulse energy of 5.9 nJ was implied. We believe that further power and energy scaling from a femtosecond Tm:Lu 2 O 3 ceramic laser is feasible with high-power laser diode pumping around 800 nm in combination with thin-disk cavity configurations. Also, it is expected that shorter pulse durations can be generated with optimized SESAM parameters or using more broadband and ultrafast absorbers based on graphene [31] .
